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INTRODUCTION
Hyper-insulinemiamayplayaroleinthe
developmentofhypertension(1).Obesity-induced
hypertensionisassociatedwithimportanthemo-
dynamic,cardiac,andrenalalterations(2).Renal
mechanismsofsodiumhomeostasisarereported
to beimpaired in obesity,in which insulin
resistancemayconceivablydevelop.Obesepa-
tientscommonly exhibitsalt-sensitivehyper-
tension(3).However,how insulin resistanceis
associated with impaired natriuresisremains
controversial(4).
Thekidneysappeartoplayanimportant
roleinthelong-termregulationofextracelular
fluidvolumeandbloodpressure(5).Therecent
developmentoflaserDopplerflowmetry and
videomicroscopictechniqueshasledtoheighten-
edinterestintheroleofmedularyhemody-
namicsinthecontrolofsodiumreabsorption(6,7).
Apreviousstudyinourlaboratoryshowedthat
pressure-natriuresisisbluntedinZuckerfatty
rats(ZFR),thebestanimalmodelofmetabolic
syndrome(8,9).Sodium excretory mechanisms
havealsobeendemonstratedtobeimpairedin
obesity(10).Furthermore,Fujiwaraetal.demon-
stratedthatpressure-natriuresiswasimpaired
inmaleZFR comparedwithZuckerleanrats
(ZLR),andthatthisderangedmechanism was
associatedwithreducedrenalnitricoxide(NO)
production(11).However,somereportshavefound
nodifferencesinbloodpressurebetweenZFR
andZLR duetosaltloading,usingvariations
insaltsensitivityunderdifferentexperimental
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Background:Renalmechanismsofsodium homeostasisarereportedly impaired in obese
subjects.However,theprecisecontributionofahigh-sodium diettopressure-natriuresisin
Zuckerfattyrats(ZFR)remainsunclear.Thepurposeofthisstudywastoevaluatewhether
ahigh-sodium dietaffectsthebluntedpressure-natriureticresponseinZFR.
Methods:Thisstudyexaminedresponsesofpressure-natriuresisusinglaserDopplerflowmetry
techniqueswhentheNaCldietwasaltered(0.4％ or4％)inyoungZFRandestimatedcortical
andmedularybloodflow(MBF)distributions.
Results:Systolicarterialpressurewassignificantly higherforZFR＋high NaClthan for
ZFR＋low NaCl.Theslopeofthepressure-natriuresiscurvewassignificantly lowerin
ZFR＋highNaClthaninZFR＋low NaCl.InZFR＋highNaCl,MBFwasalsosignificantly
lowerthaninZuckerleanrats(ZLR)atarenalperfusionpressureof140mmHgwithoutany
substantialchangesintotalrenalbloodflow orcorticalbloodflow.Urinaryexcretionof
nitritesandnitrateswaslowerinZFR＋highNaClthaninZLR.
Conclusion:Thesefindingssuggestthathigh-NaCldiet,byitself,eliminatedtheslopeofthe
pressure-natriuresiscurveinyoungZFR duetodecreasedMBF,resultinginsalt-sensitive
hypertension.
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systems(1214).Theprecisecontributionofahigh-
sodium diettodifferentareasofregionalrenal
bloodflowandthepressure-natriureticresponse
ofZFR remainsunclear.Thepurposeofthis
study wasto evaluatewhetherhigh-sodium
feeding deteriorates the blunted pressure-
natriuretic response in ZFR using laser
Dopplerflowmetrytechniques.
METHODS
Aloftheproceduresfolowedtheguidelines
approvedbytheTohoUniversityAnimalCare
andUseCommittee.
Animals
Six-week-oldmaleZFR(n＝24;CharlesRiver
Japan,Tokyo,Japan)weredivided into the
folowing groups:1)ZFR＋low NaCl(n＝6);
2)ZFR＋highNaCl(n＝6);3)ZLR＋low NaCl
(n＝6);and4)ZLR＋highNaCl(n＝6).Animals
wereplacedinmetaboliccagesforurinecolec-
tion,andweregivenformulateddiets(Oriental
YeastCo.,Ltd.Tokyo,Japan)thatcontained
0.4％ and4.0％ (wt/wt)NaClfor4weeksunder
pairfeeding.Weightwasrecordedandsystolic
arterialblood pressureand heartratewere
measuredinalconsciousratsusingtheindirect
tail-cuffmethod(BP-98A;Softron,Tokyo,Japan)
ona37℃preheatedclothjacketforabout10min.
Averagesofthreesuchrecordingsweretaken
astheindividualsystolicarterialbloodpressure
and heartrate.Al urineforeach ratwas
colectedtodeterminesodium concentrations.
Plasmaglucoseandinsulinwerealsomeasured.
Urinenitriteandnitrate(uNOx)excretionwere
determined using the Greiss reaction with
automated NO detector high-performance
liquidchromatography.Therightkidneyand
rightadrenalglandwereremoved7daysbefore
theexperimentwithlaserDopplerflowmetry.
Pressure-natriuresisandlaserDoppler
flowmetrytechniques
Alratswereanesthetizedwithintraperito-
nealthiobutabarbital(Inactin,100mg/kg;Sig-
ma,Tokyo,Japan)and placed on a heated
surgicaltabletomaintainabodytemperature
of37℃.Cannulaswereplacedinthefemoral
arteries for measurement of arterialblood
pressureand colection ofblood and in the
jugularveinforinfusions.Fluidslostduring
surgerywerereplacedbycontinuousintravenous
infusionof2％ bovineserum albumin(Sigma,
Tokyo,Japan)ina0.9％ NaClsolutionat1ml/
h/100gbodyweightthroughouttheprocedure.
Theleftkidneywasexposedthroughamidline
incision,isolated,andplacedinaholder.The
tipofthearterialcatheterwasadvancedto
justbelow theleveloftheleftrenalarteryto
permitcontinuousmeasurementofrenalper-
fusionpressure(RPP).
Aorticclampswereplacedaboveandbelow
theleftrenalartery,andtieswerelooselyplaced
around themesentericand celiacarteriesto
alowmanipulationofrenalarterialpressureby
adjustingperipheralresistance.Theleftkidney
wasdenervatedbystrippingalvisiblenerves
from therenalarterycoatingthehilarregion
ofthekidneywitha10％ solutionofphenol
ethanol.Acannulawasplacedintheleftureterto
colecturine.An ultrasonictransit-timeflow
probewasplacedaroundtheleftrenalarteryto
measurerenalbloodflow (RBF).Signalswere
transmittedtoatransit-timeflowmeter(PDV-
20;CrystalBiotech,Northborough,MA,USA).
ThisdevicemeasuresabsoluteRBF in mili-
litersperminute.
Forthemeasurementofchangesincortical
blood flow (CBF)and medulary blood flow
(MBF)inrats,two500-μm diameteroptical
fiberswereimplantedintheleftkidneyand
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exteriorizedforbloodflowmeasurementbylaser
Dopplerflowmetry (ALF21D,ADVANCE Co,
Ltd.,Tokyo,Japan).Fiberswereimplantedin
therenalcortexandmedulabyinsertingdirectly
intothekidneytissuethroughasmalholein
therenalcapsulemadewitha26-gaugeneedle.
Fibertipswereinsertedtoadepthof2mm
beneaththesurfaceoftherenalcortextoalow
measurementofthenetfluxofredbloodcels
intherenalcortex,andtoadepthof5mm to
monitorchangesintheoutermedula.After
study completion,thekidneyswereremoved
formorphologicalexaminationanddetermina-
tionoftheprecisepointoftipplacementofthe
opticalfibers.Datafrom animalswithincor-
rectlyplacedfibersorextensiverenaldamage
wereexcludedfrom thestudy.
Experimentalprotocols
Urineflow,sodium excretion,RBF,CBF,
MBF,andarterialpressureweremeasuredina
30-mincontrolperiod.RPPwasthenreducedto
60mmHgbyaorticocclusion.Aftera10-min
equilibrationperiod,urineflow,sodium excre-
tion,RBF,CBF,andMBFweremeasuredfor
30min.RPPwasthenincreasedby40mmHg
byreleasingtheclampontheabdominalaorta
andtyingoffthemesentericandceliacarteries.
Afteranother10-minequilibrationperiod,urine
flow,sodium excretion,RBF,CBF,andMBF
wereagainmeasuredfor30min.Finaly,RPP
wasfurtherincreasedbytighteningtheclamp
below the renalartery.Ten minutes later,
urineflow,sodium excretion,RBF,CBF,and
MBFweremeasuredfor30min.
Statistics
Valuesarepresentedasmeans±standard
deviation.One-wayrepeated-measuresanalysis
ofvariancewasperformedforeachgroup,fol-
lowedbytheKruskal-Walistesttoassessthe
significanceofresults.Valuesofp＜0.05were
consideredsignificant.TheTukeytestwasused
toassessdifferencesbetweeneachgroup.
RESULTS
Bodyweight,meanarterialbloodpressure,
andlaboratorydata
Body weightswerehigherforZFR＋low
NaCl(449±15g)andZFR＋highNaCl(551±41g)
thanforZLR＋highNaCl(324±23g)(Table1).
SystolicarterialpressureinZFR＋highNaCl
(148±9mmHg)washigherthaninZLR＋high
NaCl(119±11mmHg)andZFR＋lowNaCl(119
±6mmHg)(Table1).Plasmaglucoseconcentra-
tionsinbothZFR＋low NaClandZFR＋high
NaClwerehigherthaninZLR(Table2).Plasma
insulinlevelswereincreasedinZFR,butno
significantdifferenceswereseenbetweengroups.
ExcretionofuNOxinZLR＋highNaCl(1.9±0.9
・mol/kg/day),butnotinZFR＋low NaCl(3.4
±1.6mmHg),waslowerthanthatinZLR＋high
NaCl(8.5±2.4・mol/kg/day)(Table2).
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Table1 Physiologicalfindings
Rats BW (g) SAP(mmHg)
ZFR＋LowNa 449±15* 119±6
ZFR＋HighNa 551±41* 148±9***
ZLR＋LowNa 298±10 118±12
ZLR＋HighNa 324±23 119±11
*significantdifferencefromZLR＋Lowandfrom
ZLR＋High
**significantdifferencefrom ZFR＋Low
BW;bodyweight,SAP;systolicarterialpressure
Table2 Laboratorydata
Rats PG(mg/dl) uNOx(・mol/kg/day)
ZFR＋Low 147±12* 3.4±1.6
ZFR＋High 152±12* 1.9±0.9*
ZLR＋Low 107±8 9.1±2.8
ZLR＋High 114±13 8.5±2.4
*significantdifferencefrom ZLR＋Lowandfron
ZLR＋High
PG;plasmaglucose
Pressure-natriuresisandregionalrenalblood
flow
DataforurinaryvolumeandurineNaCl
excretionareshowninFigure1,whichilust-
ratesthepressure-natriuresisrelationship.Uri-
naryvolumeandNaClexcretionweresignificant-
lylowerinZFR＋low NaClthaninZLR＋low
oreither＋highNaClgroupwhencompared
at140mmHgRPP.Theslopeofthepressure-
natriuresiscurvewassignificantlylowerinZFR
＋lowNaClthaninZLR＋lowor＋highNaCl.
Inaddition,urinaryvolumeandNaClexcretion
weresignificantly lowerin ZFR＋high NaCl
thaninZFR＋lowNaClwhencomparedat140
mmHg RPP. The slope of the pressure-
natriuresiscurvewassignificantly lower in
ZFR＋highNaClthaninZFR＋lowNaCl.
RBF,CBF,andMBF dataareshownin
Figure2.BothRBFandCBFwereautoregulat-
edandshowednosignificantdifferencesinthe
fourgroupsbetweenRPPat60mmHgor140
mmHg.MBF wassignificantlylowerinZFR
＋highNaClthaninZLR＋low orhighNaCl
whencomparedat140mmHgRPP.
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Fig1.Comparisonofthepressure-natriureticresponseineachgroupofrats.Linegraphs
show therelationshipbetweenurinaryvolumeandurinaryNaexcretionandRPP.
*SignificantdifferencebetweenZLR＋lowandhighvsZFR＋low.
**SignificantdifferencebetweenZFR＋lowvsZFR＋high.
gkwt,kidneyweight(g);RPP,renalperfusionpressure
DISCUSSION
Thekidneyplaysanimportantroleinblood
pressure regulation and the developmentof
hypertension.Recentreportshavedemonstrated
theimportanceoftherenalmedularyregion
in mediating the renal pressure-natriuresis
response(6).AsMBF and blood pressureare
closely linked,shiftsin MBF arelikely to
contributetothedevelopmentofhypertension.
We have previously reported thatpressure-
natriuresisisbluntedinZFR withanormal
NaCldiet,andthiswasattributedtodecreases
inrenalMBF(8).Inthepresentstudy,weaimed
toclarifyhow high-NaCldietaffectstherela-
tionship of sodium excretion and MBF in
responsetoelevationofRPP.Thenovelfinding
inthisstudyisthathigh-NaCldiet,byitself,
decreased MBF and deteriorated pressure-
natriuresisin young ZFR.Theslopeofthe
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Fig2.LinegraphsshowingtherelationshipbetweenRBF,CBF,MBFandRPPineachgroupofrats.
*SignificantdifferencebetweenZLR＋lowandhighvsZFR＋high.
RBF,renalbloodflow;CBF,renalcorticalbloodflow;MBF,renalmedularybloodflow
pressure-natriuresiscurveinZFRisdiminished
byhighNaCldiet.TheeffectofhighNaClon
bloodpressureisthusassociatedwithdecreased
MBFandNOxexcretioninZFR.
Many facets ofthe pathophysiology of
hypertension associated with obesity remain
unclear.However,somereportshavefoundthat
themajorityofhypertensioncasesassociated
withobesityinvolvesalt-sensitivehypertension,
sofailuresintherenalmechanismsofsodium
excretionseem likelytobedeeplyinvolvedin
thepathologicalcondition.Somereportshave
notedthatdecreasedmechanismsofpressure-
natriuresiscausehypertensioninZFR(11).On
theotherhand,ithasalsobecomeclearthat
renalmedularylevelsofreactiveoxygenand
nitrogen species are capable of modulating
tubular reabsorptive responses to increased
arterialpressure and that levels of outer-
medularyreactiveoxygenandnitrogenspecies
areunbalancedinsalt-sensitivehypertension(15).
Weshowed significantly decreased NOx ex-
cretion in high-NaCl diet-fed ZFR in the
presentstudy.DecreasedNO activitybyhigh-
NaCldietmay thusconstituteonecauseof
salt-sensitivehypertensioninyoungZFR.
Recently,NO andO2-wereclearlyshown
toactasopposingforcesalteringtheredox
stateoftherenalmedulaandthesetpointof
therenalpressure-natriuresiscurve(15).Abeet
al.have previously demonstrated that O2-
productionlimitscelularNOavailabilityinthe
perfused medulary thick ascending limb(16).
Renalmedulary O2-likely modulatesrenal
medularyperfusionandthepressure-natriuresis
responsethroughitsabilitytoinactivateNO(17).
O2-levelsin therenalouter medula were
elevated in Dahlsalt-sensitiveratsfed 0.4％
sodium when compared with levelsin salt-
resistantcontrolanimals,andsuchO2-levels
werefurtherexacerbatedbyhigh-NaClfeeding
(4％,thesameconcentrationusedinthepresent
study)(18,19).
Althoughwemadenoobservationofrenal
expressionoractivityofNOinthisexperiment,
high-NaCldietcouldhavedecreasedNOactivity
andMBF,deterioratedthebluntedpressure-
natriuresis,andresultedinthedevelopmentof
salt-sensitivehypertensioninyoungZFR.To
thebestofourknowledge,thisisthefirst
studytodemonstratethatchronichigh-NaCl
dietdeterioratesthepressure-natriuresiscurve
inrats.Weemphasizethathigh-NaCldiet,by
itself,eliminated theslopeofthepressure-
natriuresiscurveanddecreasedMBFinyoung
ZFR.Thepresentresultsindicatethatalow-
NaCldietmayhavepotentialforpreventing
hypertensioninyoungobeseindividuals.
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